The presence of an additional penicillin-binding protein (PBP) was demonstrated in methicillin-resistant strains of Staphylococcus epidermidis, S. haemolyticus, S. hominis, and S. simulans. In these four species, the apparent molecular mass of this protein was analogous to that of PBP 2' of methicillin-resistant S. aureus SR 1550-9. It exhibited a low affinity for methicillin, cephalothin, and cefamandole; and its synthesis was methicillin inducible. Peptide mapping of this PBP from the four species yielded identical results that were analogous to those obtained with S. aureus SR 1550-9. These results suggest that this protein is similar to, if not the same as, PBP 2' of S. aureus and that it is involved in methicillin resistance in the four species studied.
It has been demonstrated that methicillin resistance in Staphylococcus aureus is due to the presence of an additional penicillin-binding protein (PBP) designated PBP 2' or PBP 2a (5, 11) . This protein exhibits low affinity for most penicillins and cephalosporins, resulting in cross resistance to 3-lactam antibiotics, even if phenotypic resistance to cephalosporins is not consistently expressed.
The existence of the same type of resistance in coagulasenegative staphylococci has, until recently, remained controversial. The aim of this study was (i) to compare the PBPs and their affinities for methicillin, cephalothin, and cefamandole in methicillin-resistant (MR) and methicillin-susceptible (MS) strains of S. epidermidis, S. haemolyticus, S. hominis, and S. simulans, and (ii) to determine whether methicillin resistance in coagulase-negative staphylococci is caused by a mechanism analogous to that described for S. aureus and whether a relationship exists between the biochemical mechanism and phenotypic expression.
MATERIALS AND METHODS
Bacterial strains. Among 136 strains of coagulase-negative staphylococci collected from routine specimens and identified by comparing the electrophoretic profiles of total proteins and patterns of PBPs with those of reference strains (10), 10 In vitro susceptibility testing. 1-Lactamase production was tested for each strain by using nitrocefin. MICs of methicillin, cephalothin, and cefamandole were determined after twofold serial dilution of the antibiotics in Mueller-Hinton agar. Plates were inoculated, using a multiinoculator, with a bacterial suspension of 104 to 105 CFU per spot and incubated at 30°C for 48 h. In addition, MICs were also determined after growth in the presence of methicillin (10 ,ug/ml or at 0.25x the MIC).
Preparation of bacterial membrane fractions. Strains were grown to the late logarithmic phase in 500 ml of tryptic soy broth, with or without methicillin (10 ,ug/ml or at 0.25 x the MIC) as an inducer, in a shaking water bath at 30°C. Cells were harvested by centrifugation at 7,000 x g at 4°C for 10 min and washed twice in 10 ml of 50 mM Tris hydrochloride buffer (pH 7.5) containing 145 mM NaCl and 5 mM MgCl2. The pellet was suspended in 8 ml of the same buffer containing lysostaphin (50 ,ug/ml), DNase and RNase (10 ,ug/ml each), and 5 g of glass beads. Cells were mechanically disrupted in a cell disintegrator (Mickle Laboratories Engineering Co., Gomshau, United Kingdom) at 4°C for 1 h. After removal of the unbroken cells by centrifugation at 5,000 x g for 10 min, the membrane fractions were collected by centrifugation at 100,000 x g for 30 min at 4°C, washed twice, and suspended in 500 ,ul of 50 mM Tris hydrochloride (pH 7.5) (4).
PBP assays. To inhibit the 3-lactamase activity, membranes of penicillinase-producing strains were first incubated for 5 min at 30°C with the lowest concentration of clavulanic acid that inhibited all enzymatic activity detectable by nitrocefin (2 to 30 ,ug/ml).
In direct PBP assays, samples of membrane proteins (about 120 p.g) were incubated at 30°C for 10 min with [3H]benzylpenicillin (30 ,ug/ml). The reaction was stopped by the addition of an excess of nonradioactive penicillin. Pro-teins were solubilized by the addition of sample buffer and were boiled for 2 min (3, 11) .
For competition experiments, samples were incubated with the nonradioactive antibiotic, which was tested at various concentrations (1, 10, 100, and 1,000 ,ug/ml), for 10 min at 30°C, before the addition of [3Hlbenzylpeniciilin.
Samples were then processed as described above.
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (8% acrylamide, 0.067% bisacrylamide) (14) . Gels were processed for fluorography for the detection of the PBPs (2) .
The concentration of each antibiotic required for 50% saturation of the PBPs was estimated by measuring the amounts of labeled PBPs by using scanning densitometry.
Peptide mapping. Peptide mapping of isolated PBP 2' was performed by using V8 protease (Boehringer Mannheim Biochemicals, Indianapolis, Ind.) as described previously (13) . Briefly, after labeling of membrane fractions (100 to 200 Rxg), proteins were separated by gel electrophoresis as described above; gels were then stained and destained for a short time; and the bands corresponding to PBP 2' were cut from the gel, washed five times in distilled water, and incubated for 20 min at 4°C in Tris hydrochloride buffer (0.1 M; pH 6.8) containing 2 jig of S. aureus V8 protease per ml. The fragments were placed on the top of a second gel (15% acrylamide, 0.2% bisacrylamide) with a stacking gel from which sodium dodecyl sulfate was omitted and that contained 2 jxg of S. aureus V8 protease per ml. This gel was run at 70 V through the stacking gel and at 120 V through the separating gel and stained, destained, and processed for fluorography.
RESULTS
In vitro susceptibility studies. All MR strains exhibited P-lactamase activity, as did the two MS strains of S. haemolyticus and S. simulans. For MS strains, the MICs of methicillin, cephalothin, and cefamandole were below 4, 0.25, and 0.5 pug/ml, respectively (data not shown). Among the MR strains (Table 1) , the level of resistance was variable. For strains S. epidermidis 44751, S. haemolyticus 52462, and S. simulans 47553, MICs of methicillin were equal to or greater than 128 ,ug/ml; these strains are referred to as high-level resistant strains. For the three other strains, which are designated low-level resistant strains, the MICs of methicillin did not exceed 32 ,u.g/ml. For MR strains, MICs of the three antibiotics remained identical after the strains were grown in the presence of methicillin.
PBP patterns of MR and MS strains. A specific PBP profile was demonstrated for each species ( Fig. 1 and 2 ) and was identical for MS and MR strains, except for one additional band that was present only in all MR strains (see, in particular, Fig. 1 , lanes E and F, and Fig. 2, lanes F and G) . The corresponding protein, which specifically bound
[3H]benzylpenicillin, migrated at a position identical to that of PBP 2' of S. aureus SR 1550-9. In our gel system, PBP 2' in noninduced cells of MR coagulase-negative staphylococci could not always be easily separated from another PBP of approximately 78 kilodaltons that was also present in the susceptible strains. The additional PBP observed in MR strains is referred as PBP 2', by analogy with that of S. aureus. After growth in the presence of 0.25x the MIC of methicillin, no such inducible protein was found in the MS strains.
The synthesis of this PBP was induced by growing the bacteria in the presence of methicillin. As has been observed previously (7), this was better seen on Coomassie bluestained gels ( Fig. 3 and 4) , on which this protein could be located by using its molecular mass (ca. 78 kilodaltons) and its comigration with a protein of the control strain S. aureus SR 1550-9 that was perfectly superimposable with PBP 2' on the fluorogram. Moreover, the amount of protein produced depended on the concentration of the inducer, as documented in Fig. 3, lanes F, G, formed with methicillin, cephalothin, and cefamandole. One example of a competition experiment is shown in Fig. 5 .
In MR and MS strains of the four species, 50% saturation of normal PBPs was obtained with low concentrations of methicillin, cephalothin, and cefamandole (1 to 5 Lg/ml; data not shown). In contrast, PBP 2' of MR strains remained unsaturated at high concentrations of the three antibiotics (Table 1 ). In particular, 50% saturation concentrations were above 1,000 ,ug/ml for all MR strains after induction.
PBP 2' peptide mapping. To ascertain that the protein considered as PBP 2' was similar in the different MR strains, peptide mapping was done with V8 protease by using membranes from strains grown with methicillin, to saturate the normal PBPs. The same pattern was found in the four strains with four main peptides that were similar to those of S. aureus SR 1550-9 (Fig. 6 ).
DISCUSSION
As described previously (4, 12, 14) , we have shown that an additional inducible PBP can be revealed in MR strains of S. epidermidis and S. haemolyticus, and here we extended the observation to S. hominis and S. simulans. The 50% saturation values of PBP 2' for methicillin, cephalothin, and cefamandole found in our study were in the same range as those reported previously, although some variations exist in the values reported by the different investigators. These variations are probably due to differences in the experimental conditions (3) (4) (5) (6) 15) . However, in our study, the 50% saturation values were very different in experiments performed with induced and noninduced strains. This might be explained by the different amounts of protein present under the two conditions, although one cannot exclude the comigration of a normal PBP of 78 kilodaltons with PBP 2', for which rapid saturation would result in an apparent decrease of the corresponding band in noninduced strains, at least for S. hominis and S. simulans. This phenomenon would not be observed after induction since this normal PBP would be saturated by methicillin after growth in the presence of this drug. Growth in the presence of methicillin may also partially saturate PBP 2', so that additional binding may become apparently more difficult; however, induction was performed with concentrations of methicillin which were low (10 ,ug/ml) compared with those used in the competition experiments and, in any case, much lower than the 50% saturation concentrations observed in the absence of induction.
The protein corresponding to PBP 2' of S. aureus was present and inducible in resistant strains of all four species, but it was not detected in MS strains. It was thus considered to be responsible for the methicillin resistance, although no correlation was observed between the amount of the protein, its saturation by the different 1-lactam antibiotics, and the phenotypic expression of resistance. It is noticeable that despite the low MICs, the affinity of this protein was not significantly better for cephalosporins than it was for methicillin, suggesting a cross resistance to these antibiotics. Moreover, the fact that the MICs of the cephalosporins did not vary after induction by methicillin eliminates the possibility that their apparent good activity was due to poor induction. Since there was such a dissociation between the affinity of PBP 2' for the different antibiotics and the MICs of these antibiotics, one could imagine, for coagulase-negative staphylococci, an additional factor that interferes with the expression of methicillin resistance, independent of PBP 2', as has been suggested for S. aureus (1, 9) . In addition, the peptide mapping of PBP 2' of the different MR strains of coagulase-negative staphylococci was similar to that of S. aureus, and therefore confirmed and extended the results of previous studies (4, 11) . Thus, a common gene could encode PBP 2' in all MR strains of staphylococci, and a very similar overall regulation of methicillin resistance could exist in the MR strains of S. aureus and coagulase-negative staphylococci.
